This study investigates the synoptic/mesoscale dynamics responsible for an unusually heavy southern US snowstorm that occurred on February 11-12, 2010, using reanalysis, observations, and numerical simulations. This record breaking snowfall event represents an example of multiple upper level and low-level jets (LLJs) and their accompanying baroclinic zones. The analysis reveals the following synoptic scale processes as significant contributors: (1) upper level jet splitting and merging, (2) advection of cold arctic air at low levels by a large anticyclone, and (3) an incoming upper level shortwave trough. In addition to the synoptic scale processes, the following mesoscale features played a major role in this snowstorm event: coexisting potential (convective) instability and conditional symmetric instability, terrain blocking, and a double LLJ development process. Sensitivity experiments including (1) limiting the orographic effects of elevated plateau in Texas and the Sierra Madre Mountains in Mexico by reducing the terrain height to 225 meters, (2) the microphysics/latent heating effects, and (3) surface fluxes on the development and intensity of the snowstorm were also conducted by turning these options off in the numerical model. Of all three experiments, the surface flux experiment displays the least amount of influence on the developing frozen precipitation bands.
Introduction
During February 11-12, 2010, a snowfall event broke many records across the southern regions of the US. According to the National Weather Service (NWS) forecast office in Jackson, Mississippi (JAN), some areas received up to 8 inches (20 cm) of snow. This was the second largest February snowfall event and the tenth overall largest snowfall event on record for this region. This event was ranked as the seventh all-time snowfall event by the Shreveport, Louisiana NWS (SHV) forecast office. Additional records were broken as far west as north central Texas. The Dallas Fort-Worth (FWD) area received the greatest all-time calendar day snowfall of 11.2 inches (28.45 cm), the record daily maximum snowfall for February 11, the greatest all-time 24-hour snowfall of 12.5 inches (31.75 cm), and the record 24-hour snowfall in February according to the FWD NWS forecast office. Because of the rare nature of heavy southern snowfall events (>6 inches 2 Advances in Meteorology shortwave trough approaching the region and (4) a lowlevel jet (LLJ) in advance of the trough. These common features will be examined in our case study analysis using observations, reanalysis data and numerical modeling.
Hunter et al. [2] identified seven winter storms with heavy frozen precipitation from 1994 to 1997 in the southeast US. Some similarities in each case include: (1) an upper level wind maximum located east of 100 ∘ W and originating near 30 ∘ N and (2) a 300 hPa trough axis which migrates into eastern Texas and well into the Gulf of Mexico. Approximately six of the seven cases had jet splitting patterns, meaning the polar jet (PJ) had distinct northern and southern branches. Five of the six cases with a split flow pattern merged into a single jet prior to the end of the precipitation event. They speculated that the southern branch of the jet was very instrumental in the development of frozen precipitation. The upper level flow features, including jets and troughs, will be investigated for the February 11-12, 2010 , Deep South Snowstorm event.
Probably the most widely studied snowstorm in the US that affected relatively low latitude regions was the Presidents' Day snowstorm of February 1979 that produced record snowfalls in the central Appalachian piedmont and midAtlantic region. In many ways, the extensive body of literature on this event can serve as a guide to examine similar signals in other major low latitude snowfall events such as the event analyzed in this manuscript. The first of many studies on this event examined the role of coastal frontogenesis in the early stage of the storm in which Bosart [3] demonstrated that a large and extraordinarily cold arctic anticyclone propagated far equatorward along the east coast representing a classic cold air damming episode into the leeside of the southern Appalachians as far south as Georgia. The cold air and favorable kinematics combined to produce a vigorous coastal front along the southeastern and mid-Atlantic coastal regions that served as the focal point for southeastern coastal cyclone development. Following the publication of this manuscript, Uccellini et al. [4] [5] [6] and Whitaker et al. [7] published a sequence of manuscripts that focused on the role of jet streaks and the interaction of the streaks with the coastal front and a subsequent tropopause folding event that produced a multistage evolution and intensification of this cyclone. They employed primarily upper air observational analyses and mesoscale numerical simulation studies to diagnose key multiscale processes.
There were 3 key processes found among these prior studies: (1) the role of diabatic heating accompanying the southeastern coastal front in forcing unbalanced and divergent flow in the accelerating exit region of a subtropical jet streak, (2) the synergistic interaction between the low-level jet forced by (1) and surface sensible heat flux as well as condensational heating above the coastal front and interior coastal plain in enhancing the ascent, pressure falls, and incipient cyclogenesis along the southern part of the mid-Atlantic coast, and (3) the eventual intensification of this low pressure system into an intense oceanic cyclone as the upstream polar jet streak and its stratospheric isentropic potential vorticity (IPV) interact with the developing cyclone due to the processes in (2) and subsequently create a much more powerful coastal cyclone. It is germane to point out that prior to the most rapid offshore cyclogenesis, record snowfalls were observed from western North Carolina to southern New Jersey within the cold air damming region. Similar to these Presidents' Day event analyses, Uccellini and Kocin [8] and Kocin et al. [9] both performed analyses of multilevel explosively developing coastal storms in the same region. Uccellini and Kocin [8] diagnosed the importance of the phasing of transverse circulations in both the polar and subtropical jet streaks in proximity to low-level coastal fronts in cyclone development.
All of these studies strongly imply that the synergistic interaction between upper level jet streaks and low-level baroclinic zones in the presence of prolonged diabatic heating are essential for major snowfall events at relatively low latitudes. This is facilitated by the blocking of very cold polar/arctic air masses by a terrain barrier and its effect on the subsequent enhancement of the low-level frontal zone. They also substantiate the fact that the most rapidly developing period of cyclogenesis is not necessarily the key period for the most extreme snowfall accumulations at relatively low latitude locations. Our case study will involve diagnosis of the multiscale processes responsible for the development of the heavy southern snowfall event in the lower Mississippi River Valley, where little in-depth multiscale studies have been performed. In particular, the precyclogenetic period will be the focus of a multiscale analysis employing observations, reanalysis data, and numerical simulations.
In Section 2, we will describe the methodologies used to diagnose the structure of the atmosphere preceding and resulting in this event. Section 3 will focus on a multiscale observational analysis. Section 4 will present the numerically simulated results of the control experiment and its insights into the significant stages of the evolving snowstorm as well as the sensitivity experiments performed to diagnose the impacts of the terrain, microphysics/latent heating, and surface heat/moisture fluxes on the features of the evolving snowstorm. Lastly, the summary and closing remarks are in Section 5.
Methodology
The National Centers for Environmental Prediction (NCEP) North American Regional Reanalysis (NARR) (Mesinger et al. [10] ) are utilized to provide an upper level synoptic overview of the precursor state of this evolving event. Additionally standard meteograms, Skew-T diagrams, radar, and precipitation observations from Plymouth State Weather Center [11] were used as well as National Oceanic and Atmospheric Administration (NOAA) profiler network [12] data which was decommissioned in 2014. The Weather Research and Forecasting (WRF) model version 3.4 is used for the numerical simulation component of this analysis (Skamarock et al. [13] ). The 6-hourly Global Forecast System (GFS) analysis data at 0.5 ∘ horizontal resolution with fixed sea surface temperatures is used to initialize the model. The model simulates a 4.5 day period initialized at 1200 UTC 9 February 2010 and run through 0000 UTC 14 February 2010. It is integrated in a three-domain nest configuration shown in Figure 1(a) the surface to the model top of 100 hPa. The output images were created using the Grid Analysis and Display System (GrADS).
The following physics parameterization schemes were utilized for the simulations: Rapid Radiative Transfer Model (RRTM) longwave radiation (Mlawer et al. [14] ), Dudhia shortwave radiation (Dudhia [15] ), New Thompson microphysics scheme (Thompson et al. [16] ), Betts-Miller-Janjić cumulus scheme (Betts [17] ; Betts and Miller [18] ; Janjić [19] ) (at 36 and 12 km only), Mellor-Yamada-Janjić planetary boundary layer scheme (Mellor and Yamada [20, 21] and Janjić [22] ), Noah Land Surface physics (Chen and Dudhia [23] and Ek et al. [24] ), and United States Geological Survey (USGS) land use data (Loveland et al. [25] ). Four numerical experiments were performed: (1) a control simulation as outlined above using standard envelope terrain, (2) a reduced terrain height simulation with the higher level terrain of the Sierra Madre Mountains in Mexico and elevated plateau in Texas set to 225 meters in all three WRF domains with smoothing applied everywhere, (3) the microphysics heating (no_mp_heating = 1) which is turned off, and (4) surface flux (isfflx = 0) which is set to zero. The second, third, and fourth experiments were designed to test how each parameter affects the evolution of the circulation features and the intensity of the snowstorm. In the reduced terrain experiment, 225 meter height was chosen because it is approximately the average height of the elevated plateau over central Texas. For the control experiment, a comparison between the WRF model output and observational data (not shown) was done to ensure that the simulation results were close enough to accurately depict the observed environment.
Observational Overview

Snowfall Distribution and Banded Precipitation Evolution.
Before describing the snowfall distribution totals and the evolution of banded precipitation, we will first introduce the topography over the area of interest. Figure 1(b) is a WRF generated topographic map over this area with geographical site locations included. The mountainous terrain of the Sierra Madre Mountains in Mexico and the elevated plateau in Texas become important factors in the intensity of this snowstorm, which will be discussed later in further detail. Figure 2 depicts the total snowfall distribution by the Weather Prediction Center [26] during February 11-13, 2010 , across much of the southern US. Our focus will be on the first two days of this period from Texas to Mississippi, where most of the record breaking snowfall occurred prior to the development of cyclogenesis in the Gulf of Mexico. Surface meteograms from Plymouth State Weather Center (not shown) were utilized to help determine the timing of the snowfall. Lightto-moderate and occasionally heavy snowfall occurs during the early morning through afternoon on February 11 at FWD, Texas. Snowfall arrives in northwestern Louisiana (SHV) overnight into the early morning on February 12 and in south 4 Advances in Meteorology central Mississippi (JAN) during the early morning through late afternoon on February 12. At each location snowfall lasts ∼18 hours, with a total distance traversed by the precipitation event between FWD, Texas, and JAN, Mississippi, of >600 km in less than 24 hours resulting in >6 inches (>15.24 cm) of snow accumulations.
The following radar images from Plymouth State Weather Center [11] are utilized to help describe the key precipitation structures and locations. Figure 3 displays the three hourly evolution of the precipitation bands from 0615 to 2115 UTC 11 February 2010. A track of small precipitation clusters, associated with an incoming shortwave trough, moves across Arizona and New Mexico into Texas in Figure 3(a) . Equatorward, over south central and southeastern Texas stretching into Louisiana, lies a separate and lighter swath of precipitation. Over the next three hours, a heavy westeast oriented precipitation band extends across northern Texas and an equatorward band (heavier than before in Figure 3 
Presnowfall Circulation
Structure. This section analyzes the temporal and spatial details that explain the synoptic scale sequence of events leading to the extreme southern snowfall. These conditions are diagnosed from both synoptic scale reanalysis data and observations. Figure 4 depicts the 300 hPa vector wind from NARR prior to the initiation of significant snowfall in Texas on February 9 and 10. Figure 4( Figure 6 depicts the 500 and 1000 hPa geopotential height, wind speed, and direction from NARR on 0000 and 1200 UTC 10 February as well as 0000 UTC 11 February. Figure 6 (a) displays evidence of three modes of circulation in the poleward and equatorward branches of flow. The poleward branch contains vortices or cutoff lows over the California coast and south of the Great Lakes. The equatorward branch contains an extensive zonally elongated jet streak across the subtropics extending from the eastern Pacific to the western Atlantic Ocean dominating the subtropical flow. Both the upper and lower level isoheights in Figures 6(a) and 6(b) display the two cutoff lows in the poleward branch of flow, which shows that both systems are well developed. Figure 6 (b) clearly illustrates the clockwise circulation around the high pressure system (seen earlier in Figure 5 (a)) extending from Canada accelerating as the winds enter the Gulf of Mexico before turning northward against the higher level terrain stretching from northeastern Mexico poleward. The terrain barrier allows the cold arctic air from the near stationary surface anticyclone to remain trapped as the polar and subtropical airstreams (as seen in Figure 4 ) converge over the same area. Hence, each airstream (arctic, polar, and subtropical) is ultimately on a "collision" course over the US southern plains and lower Mississippi River Valley which is beginning to occur as time progresses in Figures 6(c) show wind flow veering with height or turning clockwise with height, which indicates warm air advection (WAA). The surface accompanies a south-southeasterly LLJ below 1 km which coincides with the anticyclonic wind flow (seen in the previous 1000 hPa figure) and a southwesterly wind near 700 hPa. The Skew-T diagram for EPZ in Figure 7 (a) shows a hydrolapse or significant decrease in the dewpoint near midtropospheric levels with near saturation beneath. This is an indication of potential (convective) instability (PI) or / < 0, elevated above a more stable layer (Lin [27] ). The LLJ between 850 and 700 hPa veers from a south to southwest flow over the next 24 hours in Figures 7(a)-7(b), bringing an abundance of moisture as the relative humidity (RH) more than doubles from 34.2% to 79% over this area in western Texas. Over 600 miles (965.6 km) east, FWD experiences shallow cold air advection (CAA) with freezing temperatures at the surface as the winds are backing with height (or winds turning counterclockwise with height) on 1200 UTC 10 February in Figure 7 (c). At 1200 UTC 11 February 2010, the winds begin veering with height in Figure 7 (d) as the RH increases from 41.9% to 90.7% similar to the EPZ soundings with RH more than doubling as the wind flows from the southwest in both the upper and lower levels.
/ at EPZ ( Figure 7 February that were intercompared with Skew-T diagrams as well as multilevel NARR height and winds for signals of the relationship between upper and low-level mesoscale wind adjustments and the organization of early convective snowfall. Figure 8 indicates that on February 10, low-level wind flow near the surface accompanies a south and southeasterly low-level jet below 1 km which coincides with the 1000 hPa jet approaching west Texas in Figure 6 and Skew-T diagrams from EPZ in Figure 7 . This jet strengthens substantially at JTNT2 (Figure 8 The first signal between 1200 UTC 10 February and 1200 UTC 11 February is the weakening westerly wind flow of the PJ ∼250 hPa as it propagates southeastwards. The second signal is the deepening of the low-level inversion in time accompanying a very strong turning of the low-level flow from ∼925-750 hPa at FWD. This deepening of the inversion is coincident with both accelerations in the low-level jet evident in the profilers described above which suggests a double LLJ developmental process. One LLJ is closely coupled to the low-level baroclinic feature (i.e., the cold air damming along the Sierra Madre) and the secondary LLJ, particularly at Rio Grande City where the low-level accelerations are very strong ( Figure 9 (b)), represents a likely precursor feature to cyclogenesis in the Gulf of Mexico. Numerical simulation analyses will be presented in the next section to help determine the key temporal and spatial details leading to the record snowfall.
Numerical Simulation Experiments
In this section of the manuscript, we will utilize 12 and 4 km WRF simulations to diagnose the key stages of the snowfall event. First, we will examine the low-level flow and blocking triggered by the mountainous terrain as well as midlevel and upper level flow that is responsible for the sequence in initial organization of convection. Secondly, we will diagnose the types of convective instability over the area of interest that are responsible for the heavy precipitation bands that create the blizzard conditions prior to cyclogenesis. Lastly, we will determine the effect and/or the role of mountainous terrain, microphysics heating, and surface fluxes on these snowstorm-generating processes on subsequent Gulf of Mexico cyclogenesis. This will be achieved by analyzing sensitivity experiments that include a terrain reduction sensitivity experiment, an experiment setting the surface flux to zero, and another to cut off the microphysics heating to better diagnose their effects on the downstream evolution of the key synoptic and mesoscale features that created the record snow and subsequent cyclogenesis. Figure 10 depicts the 300 hPa and 200 hPa wind and geopotential height to show the PJ and STJ interactions directly associated with the Deep South Snowstorm at 3 hourly intervals between 0000 and 0900 UTC 11 February. Figures 10(a)-10(b) show two upper level jet streaks at the western edge of the domain, the northward (PJ) streak being the strongest spanning from Baja California northeastwards and a much weaker, southward (STJ) streak extending from northern Mexico across Marfa, Texas. On 0300 UTC 11 February in Figure 10 (c), both jet streaks increase wind speeds as they continue to propagate northeastwards. However, the STJ streak speeds up to pass the PJ streak across central Texas into Louisiana in some sort of "race effect" of the previous juxtaposed position of the jet streaks just three hours before in Figure 10 (a). At the 200 hPa level both upper level jet streaks are much weaker in Figure 10 (d). The STJ streak is comprised of multiple jetlets across northern Mexico into central Texas instead of one continuous streak as seen in the 300 hPa STJ streak in Figure 10 (c). On 0600 UTC 11 February, the previous "race effect" of the STJ streak across Texas continues and connects to the stronger jet streak associated with the exiting Nor' easter near the east coast over the lower Mississippi River Valley in Figures 10(e)-10(f). A Nor' easter is an extratropical cyclone that causes significant damage along the east coast of the US (Davis and Dolan [28] ). The STJ streak acts as a bridge to merge or connect the upper level PJ streak that it passes to the other PJ streak that it eventually catches up to in Figures 10(g)-10 (h) on 0900 UTC 11 February. Figure 11 displays mean sea level pressure (MSLP), 600 hPa RH, and 540 dam contour of the 1000-500 hPa thickness at 3 hourly intervals between 0000 and 0900 UTC 11 February. Figures 11(a)-11(d) show dominating high pressure over time over the lower Mississippi River Valley and the incoming shortwave trough as it moves across northern Mexico (similar to the observational analysis in Figure 5 ).
Terrain-Induced Synergistic Interactions Leading to Multiple Jet Circulations.
These figures also illustrate the collision zone of two moisture sources (the shortwave trough (PJ) and the atmospheric river (STJ)) over the FWD, Texas area. The cold air associated with the high pressure system can be seen north of the 540 dam thickness contour along the southern edge of the Gulf coastal states, which some forecasters use to determine the rain/snow line. In response to the more extreme low-level CAA that occurred on the previous day during 0600 UTC 10 February, the blocked flow along the terrain near 104 ∘ W between 28 and 36 ∘ N was calculated. A small Froude number flow (Fr = / ℎ ≪ 1.0) was calculated where the wind speed = 6 m s −1 , = 0.36 s −1 , and terrain height (ℎ) were ∼1300 meters. The Edwards Plateau in Texas and southward along the Sierra Madre Mountains in Mexico acts as a barrier as the arctic air near the surface is differentially advected parallel to, diverted around, and enhanced by differential upslope flow relative to the terrain. This differential cold air advection and upslope flow/adiabatic generation of cold air create lowlevel ridging/troughing along the terrain also known as cold air damming. The pressure rises are more effective on the elevated plateau in perturbing the deep mass field relative to the thickness falls due to cooling. Figure 12 illustrates the 850 hPa wind and the 0 ∘ C (273.15 K) temperature contour at 3 hourly intervals between 0000 and 0900 UTC 11 February. As the trough propagates eastward on February 11 in Figure 11 , it is going to eventually approach the collision zone over Texas where two different low-level baroclinic frontal systems will collide. One is the near surface arctic front impinging on the Sierra Madre Oriental Mountains in Mexico and Texas plateau; the other is polar in origin associated with the incoming shortwave trough impinging on the Sierra Madre Occidental Mountains in northern Mexico in Figures 12(a)-12(d) . The LLJs of these baroclinic systems begin to converge over the mountainous terrain. The continuous eastward propagation of the upstream trough and the somewhat stagnant high pressure system over the deep south states in Figures 11(a)-11(d) are what initiate the collision of these dual LLJ systems in Figures 12(a)-12(d) 
Evolving Precipitation Bands, Ascent, and Instability over the Collision Zone.
High resolution simulation results from the 4 km domain are employed in this section over the collision zone of multiple fronts and jets to analyze the evolution of banded precipitation, vertical motion, and cross sections of instability. As seen earlier in both radar and 600 hPa RH images, the atmospheric river moisture sets up banding precipitation across the southern half of Texas while the trough moisture spreads across the northern half of Texas near the panhandle. This is simulated well in the total precipitation accumulations from the initial time across Texas in Figures 13(a)-13(f) to 0600-2100 UTC 11 February. Figure 2 ) with the separate convective bands beginning to merge (similar to Figure 3) . Figure 14 illustrates 600 hPa height, wind vectors, and vertical velocity in 3-hour intervals. This indicates areas of significant upward motion (or lift) which helps bring the moisture to condensation and precipitation. Converging winds near the surface (850 hPa winds of the two LLJs evident in Figure 12 ) are usually a good indication of upward motion in the midlevels and divergence aloft. The orange and red colors in Figure 14 indicate areas of ascent, which build into distinct lines across Texas over time similar to the radar and precipitation images (Figures 3 and 13) showing the evolution of the precipitation bands. Just as the converging winds indicated, there are various areas of upward motion that exist in association with the incoming shortwave trough (or PJ) that propagates into Texas and organizes into distinct lines (Figures 14(a)-14(d) ). In Figure 14(d) , the upward motion begins to redevelop into multiple southwest to northeastoriented patterns or bands parallel to each other. One band crosses the Texas panhandle and the second one is located underneath, across central Texas as well as a third band across southern Texas into the northern Gulf of Mexico. These bands of vertical motion continue to propagate eastward over the next several hours (Figures 14(d)-14(f) ) coming closer together as the system begins to advance into Louisiana and later into the Gulf of Mexico as cyclogenesis commences. Figure 15 depicts vertical cross sections of saturated equivalent potential temperature ( * ) in the black contours and geostrophic absolute momentum ( ) in the blue shading below 500 hPa on 0600 and 1800 UTC 11 February (denoted by the black lines in Figures 14(a) and 14(e) ). Saturation equivalent potential temperature is defined as * = exp(( V )/( )), where is potential temperature, V is latent heat of vaporization, is saturation mixing ratio, is specific heat at constant pressure, and is the mixture temperature (Betts and Dugan 1973 [29] ). Figure 15 (a) displays conditional instability (CI) between 500 and 800 hPa. By definition, CI regions represent an area where * / < 0. This is seen in the vertical variation of * contours (318 K and 312 K) folding beneath themselves between 550 and 800 hPa. A mixture of both conditional symmetric instability (CSI) and neutral symmetric instability (NS) is located underneath the CI regions below 850 hPa between 28.25 ∘ N and 31.25 ∘ N. CSI occurs when * contours have a steeper slope than geostrophic momentum (Schultz and Schumacher 1999 [30] ). Geostrophic absolute momentum is defined as = + , where is the geostrophic wind along the baroclinic zone, is the Coriolis parameter, and is the distance across the front. NS occurs when both * and have equal slopes. Over the next 12 hours in Figure 15(b) , the mesoscale instabilities weaken substantially as the system propagates further away from the terrain. CSI, NS, and CI are coexisting predominately south of 32 ∘ N. Although they are relatively weak, the presence of CI, CSI, and NS is signals of upright and slantwise convection leading to the heavy precipitation bands across the southeast US. It can be very hard for the model to simulate these mesoscale instabilities; therefore other diagnoses tools will be utilized later.
Sensitivity Experiments.
The purpose of the sensitivity experiments is to examine the effects of the Sierra Madre Mountains in Mexico and neighboring plateau, microphysics heating, and surface heat/moisture flux on the overall intensity of the snowstorm and the development of its features. To test the orographic effects of the Sierra Madre Mountains and neighboring elevated plateau in Texas, the terrain was reduced to 225 meters (LMTN). For the effects of microphysics heating (NMPH) and surface heat and moisture flux (NSFF) on the developing snowstorm, these WRF options were turned off. Figures 16(a)-16(f) display the 300 hPa wind and geopotential height evolution for each sensitivity experiment from 0000-0300 UTC 11 February. As described earlier in the 300 hPa wind images in Figure 10(a) , the polar and subtropical jet streaks start off in a side by side position across Baja California into Mexico with the subtropical jet streak being noticeably weaker. Three hours later on 0300 UTC 11 February, the "race effect" results in an energy boost for the STJ streak to race ahead of the PJ streak across central Texas. Then on 0600 and 0900 UTC 11 February, the STJ streak acts as bridge to merge the PJ streak over northern Mexico with an even stronger jet streak associated with a strong Nor' easter. The evolution of the upper level jet streaks in the LMTN experiment (Figures 16(a)-16(b) ), compared to the control experiment (CTRL) in Figures 10(a) and 10(c), is very similar. One difference is that the PJ and STJ streaks in the CTRL experiment are stronger than in the LMTN case (Figures 16(a)-16(b) ). The upper level jet of the western half of the domain in the NMPH case ( Figures  16(c)-16(d) ) does not share any resemblance of the PJ or STJ positioning that sets up across Mexico into Texas for the CTRL or LMTN experiments. This emphasizes an extremely important relationship between latent heating and synoptic scale upper level jet circulations/streak formations. The jet streak evolution for the NSFF case in Figures 16(e)-16(f) resembles that of both the CTRL and LMTN experiments.
Figures 17(a)-17(f) capture MSLP, 600 hPa RH, and 540 dam contour of the 1000-500 hPa thickness on 0000 and 0600 UTC 11 February for the sensitivity experiments. As described earlier in Figure 11(d) , the moisture collision between the incoming shortwave trough and the atmospheric river occurs on 0900 UTC 11 February near FWD, Texas, for the CTRL simulation. However, all three sensitivity experiments experience this collision prior to 0900 UTC 11 February. The collision zone for the CTRL and LMTN simulation differs in both location and timing. The LMTN case collision occurs over western Texas on 0300 UTC 11 February between Figures 17(a) and 17(b) . For the NMPH case in Figures 17(c)-17(d) , the collision takes place earlier than any other experiment on 1800 UTC 10 February (not shown). The positioning of the moisture in Figure 17 (e) and the later collision zone in Figure 17 (f) for the NSFF case occurs most similarly to the CTRL experiment, where the collision occurs only three hours prior to the CTRL run on 0600 UTC 11 February and slightly west of FWD, Texas. Figures 18(a)-18(b) . There is a clear distinction between the dual LLJs (one along the incoming trough and the other around the anticyclone across the southeast) collision zone over Mexico in the LMTN case versus the CTRL case which is harder to see in Figure 12 . The NMPH simulation in Figures 18(c)-18(d) has a similar temperature pattern as the CTRL run and the NSFF experiment has the coldest temperatures out of all the sensitivity experiments in Figures 18(e)-18(f) . Both the NMPH and NSFF cases display dual LLJs similar to the CTRL case; however, the NSFF simulation has the weakest LLJs of all the sensitivity experiments.
Figures 19-20 capture 850 hPa streamlines, potential vorticity, and 700 hPa frontogenesis on 1800 UTC 11 February and 0600 UTC 12 February for each experiment. It can be very difficult for the model to correctly simulate areas of instability (specifically CI, NS, and CSI), but plotting the areas of convergence, low-to-negative potential vorticity, and positive frontogenesis is also a good way to help identify/diagnose regions of instability. During the genesis of extreme moist convection over west Texas ∼0600 UTC 11 February (see Figure 15(a) , where vertically erect isentropes can be seen near 28.5 ∘ N, 29.5 ∘ N, and 31 ∘ N), the aforementioned precipitation bands formed close to the adjustments leading to the dual LLJ convergence zone. This convergence zone consists of arctic air dammed against the Sierra Madre Oriental, northward against the elevated plateau across Texas, and the polar boundary associated with the incoming shortwave trough. In the CTRL case (Figure 19(a) ), the convergence zone between the trough over western Texas and the anticyclone over Arkansas has set up over central and southeastern Texas in an area of low-to-negative potential vorticity and positive frontogenesis (Figure 19 The simulated total precipitation from initial time to 0600 and 1800 UTC 12 February 2010 is denoted in Figures  21(a)-21(h) for the sensitivity experiments. The CTRL case correctly simulates the bullseye over the FWD, Texas, as well as the southeastward spread of precipitation across the lower Mississippi River Valley similar to what is seen in Figure 2 . None of the sensitivity experiments were able to correctly simulate the bullseye over FWD, Texas in Figures 21(c)-21(h) . The heavier localized precipitation regions in Figure 21 correlate with the areas of confluence, low-to-negative potential vorticity, and positive frontogenesis seen in . Figures 22(a)-22(d) compare the simulated snow and ice accumulations (or frozen precipitation accumulations at the surface) from initial time to 0000 UTC 14 February for the sensitivity runs. Notice that there is almost a lack of snowfall across Texas in the LMTN and NMPH cases (Figures 22(b)-22(c) ) compared to the CTRL (Figure 22(a) ). This strongly emphasizes the importance of the synergistic interactions between terrain blocking and latent heat effects on this record breaking snowfall event. Although it is relatively weaker, the NSFF experiment in Figure 22(d) has the most resemblance to the CTRL case.
Summary
Prior studies indicating common synoptic scale features of southern US snowstorms were examined in the case study analysis of the record breaking Deep South Snowstorm February 11-12, 2010 , by employing multilevel, multiscaled observations, reanalysis data, and numerical simulations. The first part of this research paper shows the collision course of several upper/lower level jets that resulted in synergistic interactions that lead to snowfall accumulation amounts >6 inches (15.24 cm) over the deep south US prior to cyclogenesis. Multilevel winds from the arctic, polar, and subtropical jet airstreams collide across Texas. A merged polar/subtropical LLJ collides with an arctic LLJ associated with a deep anticyclone that extends well into the Gulf of Mexico bringing cold arctic air to the southern states. As the cold anticyclonic wind flow reaches the terrain barrier of the Sierra Madre Mountains in Mexico and the local elevated plateau in Texas, blocking (or CAD) occurs on the lee side of the terrain creating strong low-level flow northward along the terrain barrier. The merged westerly LLJ collides with the cold easterly LLJ as it makes a sharp turn to the north due to the terrain, which creates double LLJ flow into central Texas. As the collided system of polar, subtropical, and arctic air streams progress eastward, cyclogenesis takes place in the Gulf of Mexico.
As the "race effect" between the upper level PJ and STJ streaks takes place, the overlapping of multiple jet streak entrances/exits occur across the southeast. The LLJs act as a lifting mechanism resulting in two preferred zones of moist convection. The poleward zone produces convective instability (CI) where the low-level arctic front undercuts the polar front. This organizes the initial convection that produces snowfall near FWD that subsequently spreads downstream. The equatorward zone of moist convection (with coexisting CI, NS, and CSI) triggers much more moisture south of 30 ∘ N over areas of convergence, low-to-negative potential vorticity, and positive frontogenesis ahead of the anticyclonic flow. While this is occurring, offshore warm waters and cooling aloft accompanying the incoming shortwave trough produce cyclogenesis in Gulf of Mexico.
Three sensitivity experiments were conducted to test their effects on the developing snowstorm. (1) (NMPH) to test the effects of latent heating. (3) Surface heat and moisture flux was turned off (NSFF) to test its sensitivity to the development on the overall intensity of the snowstorm. A comparison was presented to give an idea of how big of a role each parameter plays in this snowstorm case study. The LMTN experiment resulted in a weaker baroclinic zone and there was a significant decrease in snowfall accumulations. The heaviest area of snowfall that takes place over Texas prior to cyclogenesis in the CTRL is because of the synergistic interactions between the polar, subtropical, and arctic air streams over the nearby elevated topography. Cold air damming against the Sierra Madre Mountains in Mexico is just as important for heavy southern snowstorms as the Appalachian Mountains are to Nor' easters, although having an abundance of arctic air across the deep south for a prolonged period of time is quite rare. The height of the Sierra Madre Oriental and Texas plateau enhances snowfall accumulation amounts over the lower Mississippi River Valley resulting in a record breaking snowfall event due to the orographic effects. However, further eastward, for states like Louisiana, Mississippi, and Alabama, the lack of latent heating seems to play an even bigger role for snowfall accumulations in the NMPH run across this area than the LMTN experiment. The NSFF case has the least amount of influence of all the sensitivity experiments and resembles the banding frozen precipitation of the CTRL experiment spanning from Texas to northern Florida. However, the NSFF snow and ice accumulations are not as intense as the CTRL case. Without latent heating and high level terrain, little snowfall occurs. These sensitivity experiments indicate complex coupling between terrain blocking, latent heating, surface fluxes, jet formations/circulations, and banding mesoscale precipitation processes.
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